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ABSTRACT

An experimental study of the turbulent mixing of subsonic axisym-
metric gas streams was conducted. Hydrogen-air and air-air mixing
systems were studied, and the velocity ratio (jet velocity/outer stream
velocity) was varied from 2.4 to 6. 3. Special emphasis is placed on
(1) the centerline decay and radial profile shapes of composition, velocity,
and total enthalpy and (2) the relationships between the turbulent trans-
port of mass, momentum, and energy. The major conclusions drawn for
this particular set of‘conditions are (1) for the hydrogen-air system the
centerline decay decreases with increasing velocity ratio, (2) profile
similarity of composition, velocity, and total enthalpy is a valid assump-
tion, (3) there is a definite relationship between the transport of momen-
tum and energy which is not compatible with a constant Prandtl number,
and (4) unity Lewis number is a valid assumption. The experimental
data obtained are tabulated for the benefit of other investigators.
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NOMENCLATURE

b Mixing zone width

Hydrogen mass fraction

Cp Specific heat at constant pressure

D Inner nozzle diameter

H Enthalpy

Hy Enthalpy of air

Hy, Enthalpy of hydrogen

k Constant in Prandtl eddy viscosity model

M Mach number

P Pressure

Py Barometric pressure

Pryg Total pressure in the inner plenum

Pr Prandtl number

R Radius

R* Radius of control volume

R Universal gas constant

R 1 Radius at which u = 0.1 (uc - up) + up

R g Radius at which u = 0.9 (ug - ug) + ug
R-R g

"B R.1-Rg

Rj . Radius of the potential core

Rme Radius at which C = 0.5 C¢

Rmu Radius at which u = 0.5 (ue - ug) + ug

Ro Radius of the inner nozzle

T Temperature

TTH Total temperature in the inner plenum

u Velocity in the axial direction

Umax Maximum velocity in Prandtl eddy viscosity model
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Umin Minimum velocity in Prandtl eddy viscosity model

v Velocity in the radial direction

W Hydrogen mass flow rate from mass balance

Wj Hydrogen mass flow rate from metering orifice measurement
x Axial distance

Xo Potential core length

Xoc Potential core length from composition

Xou Potential core length from velocity

v Ratio of specific heats

A Combined boundary-layer thickness

Eddy viscosity

)y Mass flux ratio, pjuj/pOu0
p Density

H - H,
*H Hj - Ho

u-u

o)

¢U. uj - uo

u-u
Yy __°

uC - uO
w Molecular weight
SUBSCRIPTS
c Centerline
h] Jet
o Outer stream
s Static
t Total
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SECTION |
INTRODUCTION

The turbulent mixing between high-speed coaxial streams is of
primary importance in many engineering devices, such as jet pumps,
ejectors, and ramjet combustors. The flow in these devices must at
best-be analyzed by semiempirical techniques because there is no funda-
mental and complete theory for turbulent flows. Numerous investiga-
tions of the turbulent mixing process have been conducted, but they have
failed to produce a generalized theory. The main reason for the lack of
success in solving this problem is that the turbulent transport proper-
ties are a function of the fluid dynamics of the flow system.

The case of a single jet mixing with a quiescent medium has been
given considerable attention by a number of investigators. Most of
these studies were limited to incompressible flow, and the results are
well covered by Schlichting (Ref. 1) and Pai (Ref. 2). One of the first
investigations of the case of two coaxial streams mixing together was
conducted by Forstall and Shapiro (Ref. 3). An inner stream composed
of air with ten percent by volume of helium as a tracer was mixed with
an outer stream of air, The gas velocities were in the low subsonic
range, and the temperatures were maintained nearly equal. The main
conclusions were that (1) momentum is transported less rapidly than
mass and (2) the normalized velocity and composition profiles exhibit
shape similarity; that is, the nondimensional radial profiles are in-
variant with axial distance,

Alpinieri (Ref. 4) obtained experimental data on the turbulent mixing
between carbon dioxide and hydrogen central jets exhausting into a
moving concentric stream of air. The flow velocities were in the low to
high subsonic range, and the temperatures of the streams were approxi-
mately equal. Radial and axial distributions of composition and velocity
were presented. Alpinieri verified Forstall and Shapiro's conclusion
that mass is transported more readily than momentum. Also, Alpinieri
concluded that the mixing rate does not approach zero when either the
velocities or the mass fluxes of the stream are equal. Conclusions con-
trary to this were suggested by turbulent eddy viscosity models proposed
by other investigators such as Prandtl as presented by Schlichting (Ref. 1)
and Ferri (Ref. 5). The eddy viscosity models in question are as follows:

1. Eddy viscosity model proposed by Prandtl

€ = kb (umax - Umin)
2. Eddy viscosity model proposed by Ferri

€ = %(Pouo - Pc“c)
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Zakkay and others (Ref. 6) conducted an experimental investigation
to determine the turbulent transport coefficients for hydrogen-, helium-,
and argon-air mixing systems. Central jets of hydrogen, helium, and
argon at subsonic velocities were injected into an outer stream of air
maintained at a constant Mach number of 1.6. The ratio of the inner jet
velocity to the outer stream velocity for the hydrogen-air mixing sys-
tem was varied from 0. 768 to 2,42, In addition to turbulent transport
coefficients, centerline decay of velocity and composition was presented.
A comparison between Zakkay's results and results from the current in-
vestigation is given in Section 3. 3.

1.1 OBJECTIVE AND JUSTIFICATION

The objective of this experimental investigation was to document
the turbulent mixing of subsonic axisymmetric hydrogen and air streams
at velocity ratios which have not been previously reported. This is part
of a more extensive investigation of turbulent mixing systems. The ob-
jective of the overall investigation is to develop empirical data on free
turbulent flows over a broad range of conditions, so that more percep-
tive semiempirical theories can be developed. Special emphasis is
placed on (1) determining the effect of velocity ratio and density gradi-
ents on the centerline decay of composition, velocity, and total enthalpy,
and on the composition, velocity, and total enthalpy profile shapes, and
(2) presenting nondimensional composition, velocity, and total enthalpy
relationships which are indicative of the turbulent Prandtl, Lewis, and
Schmidt numbers.

Integral techniques for solving turbulent mixing problems (Refs. 7
and 8) employ the assumption that composition, velocity, and total en-
thalpy profiles exhibit shape similarity. Forstall and Shapiro (Ref. 3).
listed the following relationships as being representative of their velocity
profile shapes:

Cosine curve

u-n, _ 1 (l 7 R
ug —u, 2\ T SR _-

)

Three-halves power curve

2
U=9 _ 1 - 0.293 ®/Rpo)’?

N — U,

and error curve
(R/Rgy)?

i =[]
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If' profile shape similarity is a valid assumption, a representative pro-
file ‘curve, the centerline and outer stream velocities, and a character-
istic width are sufficient to determine the radial velocity distribution at
any akial location.

""'In most proposed methods for solving turbulent mixing problems,
the‘turbulent Prandtl and Lewis numbers are assumed to be unity to
simplify the mathematical procedure. If the Prandtl and Lewis num-
bers are unity, the Schmidt number must be unity by definition. If the
Prandtl and Lewis numbers are unity and the laminar transport coeffi-
cients are replaced by the corresponding turbulent values, the boundary-
layer equations for axisymmetric flow may be written as follows:

Momentum equation,

I du Gu _ 1 0 du) _ P
- PU gc ¥ PYGR T RaH(P‘RaH) x (1)
Enefgy equation,
gH 9l _ 1 9 el |
PUaxt PV BRT R an("‘“aa) (2)
Conservation of elemental species,
ac . 8C_ 1 38 ac
' po dE e o B d Ben IS (3)
al;l.d
Global continuity equation,
d (pu) 1 d{pvR)
. - =0 4
dx ¥ R oR (4)

For the case of constant pressure mixing of an initially uniform infinite
‘stream, the 8P/3x term in Eq. (1) is zero, and Eqs. (1), (2), and (3)
are identical in form. If the reference conditions are constant and the
boundary conditions are similar, a linear relation may be obtained be- -
tween the variables u, H, and C:

u-u,  H-Hy, C-=-0C,
uj = ug a Hj—Ho_ Ci-Co (5)

The experimental relationships between the terms of Eq. (5) are pre-
sented in this investigation as being indicative of the Prandtl and Lewis
number variation.
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1.2 APPROACH

In general, turbulent mixing is influenced by the following factors:
1. Velocity ratio between the streams,
2. Density gradients in the mixing region,
3. Axial and radial static pressure gradients, and
4, Initial boundary-layer and free-stream turbulence level.

The approach which has been taken in this investigation is to reduce the
effect of initial boundary-layer and static pressure gradients and to con-
centrate on the effects of velocity ratio and the density field. The
initial boundary-layer effect was reduced by designing the nozzle to
minimize the boundary-layer thickness at the entrance to the test
section. The initial boundary-layer results are discussed in Section 3.6.
The static pressure variation was minimized by exhausting to atmos-
phere as a free jet and maintaining the flows subsonic so that shock
waves were not formed. However, the static pressure in the mixing
region was measured, and the gradients near the nozzle exit were
larger than anticipated. Static pressure data are presented in

Section 3. 7.

Hydrogen-air and air-air turbulent mixing systems were investi-
gated. The hydrogen-air system was chosen to provide a system with
very large density gradients. Also, the high speed of sound of hydrogen
makes it possible to attain high velocities while the Mach numbers re-
main subsonic. Furthermore, hydrogen-air mixtures are frequently
used in combustion processes, and the results should be useful when
chemically reactive systems are investigated. The air-air system is
studied because it provides a system with small density gradients to
use for comparison with the high density gradient system.

The approach of this investigation required that a large amount of
experimental data be obtained. The experimental measurements are
time-mean average values because techniques for measuring the
fluctuating quantities are not well developed, especially in the high
velocity region.

SECTION Il
APPARATUS AND PROCEDURE

2.1 FREE-JET MIXING TEST CELL

A schematic diagram of the free-jet mixing test cell is shown in
Fig. 1 (Appendix I). Air, which may be heated to 1500°R by an
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indirect-fired heater, flows around the inner plenum and nozzle. It then
passes through a 3. 5-in. -diam subsonic nozzle to form an annulus
around the subsonic flow from the inner nozzle. The inner nozzle diam-
eter is 0.5 in., and the thickness of the trailing edge is 0.005 in. The
inner nozzle and outer nozzle configuration was designed to produce as
small an initial boundary layer at the entrance to the test section as
practical. The inner and outer nozzles were aligned to give flow with
centerlines which are parallel within less than 0.5 deg. The alignment
was checked by means of total pressure measurements in the down-
stream flow field, The test section is open to the atmosphere, but the
gases from the nozzle are removed by a downstream scoop attached to
the RTF exhaust system.

2.2 INSTRUMENTATION

A Systems Engineering Liaboratory (SEL) 600 data acquisition sys-
tem was used to record all of the data in millivolts on magnetic tape.
The temperatures were measured with copper-constantan and iron-
constantan thermocouples, and the pressures were measured with
strain-gage-type transducers. The gas composition was measured
with a fluid oscillator, which was developed by the RTF Research
Branch (Ref. 9). The probe positions were indicated by wire-wound
potentiometers mechanically connected to the probe, and the inner
stream flow rate was measured with a calibrated choked orifice. Esti-
mates of the accuracy of the measured parameters are presented in
Appendix III.

A dual-probe arrangement was used to measure the total pressure,
total temperature, gas composition, and static pressure at various
stations throughout the flow field. A photograph and a sketch of the
dual-probe arrangement are shown in Fig. 2, and a schematic diagram
of the probe-related components is shown in Fig. 3. The probe used
to measure total pressure, total temperature, and gas composition is
operated in two modes. Total temperature and gas composition are
recorded on one mode when the probe is aspirated to a vacuum source,
and total pressure is recorded on the other mode when there is no flow
through the probe. Static pressure is recorded during both modes of
operation. The static pressure measurements as recorded are dis-
placed 0.5 in. to one side of the total pressure probe measurements.
They are shifted in the data reduction program to align with the total
pressure probe measurements.

The dual-probe arrangement is actuated in the flow field by a three-
position probe actuator. The probe location and the initial test condi-
tions were monitored on an X-Y-Y plotter and strip-chart recorders.



AEDC-TR-68-133

2.3 TESTING PROCEDURE

In-place calibrations were made on all of the pressure transducers
and potentiometers before each test. The temperature channels were
calibrated by applying two different millivolt levels. Next, the test
conditions were established by setting the total pressure in the inner
and outer plenums and the total temperature of the outer airstream.
The conditions were allowed to stabilize, and then the probe was set
on the vertical centerline of the flow field by the following procedure:
The probe was located on the approximate horizontal centerline of the
jet by using the peak of the horizontal total pressure profile. Then the
probe was moved axially to the decaying region of the jet and actuated
vertically. The vertical centerline was taken to be the location of
maximum pressure if the jet total pressure was greater than the outer
stream total pressure or the minimum pressure if the jet total pres-
sure was below the outer stream pressure.

The data were recorded by a data acquisition system which is oper-
ated in the following manner: The probe is traversed radially at a fixed
axial location until the desired radial location is reached. A single
switch starts a sequence which stops the probe and begins to record
each data item 300 times per second. The probe is put into the total
temperature and gas composition mode of operation, then into the total
pressure mode. The time in each mode of operation is indicated by a
function signal switch recorded on magnetic tape. The magnetic tape
drive is stopped automatically when all data at the radial location have
been recorded. The probe drive is engaged automatically to traverse
the probe to the next radial data point location selected by the test con-
ductor. The total time required to obtain a data point in a radial sur-
vey is approximately 5 sec. After data points have been recorded to
give complete profiles at a given axial location, the radial traverse of
the probe is stopped, and the probe is moved to another axial location
where the next radial profile is obtained.

2.4 DATA REDUCTION PROCEDURE

The data are reduced in three steps with the aid of a digital com-
puter. First, the magnetic tape from the SEL 600 tape system is pro-
cessed through a data reduction program which uses the calibrations to
convert the millivolt signals to engineering units of pressure, tempera-
ture, and probe position. The data are averaged over 0, 167-sec in-
tervals (50 scans) to obtain the mean values. The data recorded during
stabilization of the parameters were discarded. A printout and a tape
are made of the resulting engineering units data.
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Second, the engineering units tape is reduced by computer to give
gas mixture properties at each probe position. The properties obtained
are composition, density, velocity, and total enthalpy at the initial
stream conditions and at local points in the flow field. The methods of
calculating the specific properties are given in Appendix IV. These
basic properties are recorded on the tape to be used as the inputs for
the final reduction program. The method by which the data are further
reduced may change as the knowledge of turbulent mixing increases.
For this reason, the basic properties tape is stored so that other
methods of data reduction may be applied to it in the future.

Finally, the basic properties tape is reduced to provide profiles of
nondimensionalized velocity, composition, and total enthalpy as well as
relationships between the transport of mass, momentum, and energy.
Also, a hydrogen mass balance is made at each axial station recorded
by integrating the hydrogen mass flux {puC) over the radial distance to
a control volume outside the mixing zone. The mass balance is com-
pared with the hydrogen flow measured with a calibrated choked orifice
to give a consistency check. The results of the consistency check are
given in Appendix V,

SECTION Il
DISCUSSION OF RESULTS

3.1 FLOW FIELD DESCRIPTION

.The jet gas and the outer stream gas mix in the inner mixing zone
as shown schematically in Fig. 4. For all cases investigated, the jet
gas used was either hydrogen or air at ambient temperature. Only
regimes I and Il are considered in this investigation. In regime III, the
conditions in the outer stream are a function of the outer stream mixing
with the surrounding quiescent air. This provides a problem with dif-
ferent boundary conditions from the problem under consideration. The
inner potential core length varies with the test conditions. The inner
potential core is defined as the region in which the composition and
velocity are constant and equal to the inner nozzle exit conditions.

3.2 EXPERIMENTAL DATA

‘Experimental data were obtained for nine different test conditions
The velocities, total pressures, and total temperatures for these tests
are tabulated in Table I (Appendix II). These data are divided into three
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test series. Series I and Il are hydrogen-air mixing tests. For the
first five test conditions (Series I), the total pressure of the two streams
was set to give a range of velocity ratios from 2.4 to 6.3. In Series II,
the next three test conditions, the outer stream temperature was raised
from 650 to 1050°R. The total pressures were varied to give velocity
ratios from 2.5 to 4. 6. Series III, the last test condition, was an air-
air mixing test at a velocity ratio of 2. 4.

In the near field region* the gradients of composition, total pres-
sure, static pressure, and total temperature were very large. Insuffi-
cient data were obtained to define the profiles adequately because the
increment traveled between radial points was too large. For this
reason, much of the data in this region is omitted from the results
presented. The main difficulty in using the near field data is that the
radial centerline of the flow cannot be accurately determined. The
experimental centerline is determined by fitting the center portion of
the composition distribution with an exponential curve and using the
center of the exponential curve as the centerline of the flow field. When
there are insufficient data to define the curve, this procedure gives
centerlines which are obviously in error.

The experimental data are presented in tabular form in Appendix VI.
A discussion of the probable accuracy of the experimental measure-
ments is presented in Appendix III,

3.3 CENTERLINE DECAY

The centerline decay of composition and velocity for all of the
hydrogen-air mixing tests is shown in Figs. 5 and 6, respectively. The
composition and the velocity are nondimensionalized in the same manner.
However, for the hydrogen-air system, Cj = 1 and C, = 0; therefore,

C-C,

o

These curves indicate that the centerline decay decreases with in-
creasing velocity ratio (uj/uo) for systems with approximately the same

density ratio (pj/po). The centerline decay is indicative of the rate at

which the streams mix. If the centerline decay decreases, the rate of
mixing decreases; also the length of the potential core increases as the

*The region less than two nozzle diameters from the nozzle exit
plane.
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centerline decay decreases. The length of the potential core was deter-
mined by the method suggested by Zakkay and others (Ref. 6). The
centerline composition was plotted versus axial distance on logarithmic
paper. A.curve through the data was extrapolated until it intersected
the line corresponding to 100-percent jet gas concentration. It was
assumed that the intersection defines the core length. A similar method
was used to determine the velocity core lengths. The velocity core
lengths were longer than the corresponding composition core lengths,
which indicates that the transport of mass is more rapid than the trans-
port of momentum.

It is interesting to note that the result obtained — that the mixing
decreases as the velocity ratio increases — is exactly opposite to that
predicted by the Prandtl eddy viscosity model presented in Section I.

The density ratio of the inner jet gas to the outer stream gas was
increased in Series II by heating the outer stream gas. The density
ratio was increased even more in Series III by using air as the jet gas
as well as the outer stream gas. Figure 7 presents a comparison of the
centerline velocity decay for the three different density ratios at approxi-
mately constant velocity ratio. The curves show that the mixing rate
decreased with increasing density ratio for constant velocity ratio con-
ditions. Since the mixing rate decreases with increasing velocity ratio
and with increasing density ratio, it might appear that there would be a
correlation between the mixing rate and the mass flux ratio (p]-uj/pouo).

Another possible reason for considering this correlation is that the eddy
viscosity model of Ferri, presented in Section I, is based on mass flux
difference. This correlation was attempted using the centerline decay
data, but it did not prove to be a valid correlation. In other words, the
mixing rate did not decrease monotonically with increasing mass flux
ratio.

Zakkay and others (Ref. 6) found the composition decay downstream
of the potential core to follow the relationship C¢ = (x/xoc)'z. Figure 8
shows a comparison between Zakkay's results and the data from this in-
vestigation. By considering the expression C. = (x/xoc) ™8, where
Zakkay found n = 2, the results from this investigation gaven = 1. 7.
Zakkay also presented a generalized expression for potential core length
variation with mass flux ratio. Figure 9 shows a comparison between
Zakkay's generalized expression and data from this investigation. The
dashed curve represents the function xo/Rg = 13\{?, and it agrees
reasonably well with the experimental data. The slopes of the dashed

curve and the solid curve from Zakkay's expression are the same, but
the constants differ by 40 percent. Zakkay's generalized expressions
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do not seem to apply in this higher velocity ratio regime; however, dif-
ferences in the initial conditions, such as boundary-layer thickness,
may account for the discrepancies.

Figure 10 is a comparison of the centerline decay of composition,
velocity, and total enthalpy for representative tests in Series I and II.
These curves show that mass and energy are transported more rapidly
than momentum.

The composition and total enthalpy decay is approximately equal
for all of the tests conducted. This result may be expected in the
Series I tests because the enthalpy was a stronger function of composi-
tion than of temperature, and the temperature difference between the
streams was only 100°R. But, in the Series II tests, the temperature
difference was 500°R, and the effect of different turbulent transport
properties for heat and mass should be evident. Since nondimension-
alized composition and total enthalpy were equal for the Series II tests,
the turbulent transport coefficients appear to be equal. Consequently,
the turbulent Lewis number is unity.

3.4 PROFILE SHAPES

The nondimensional composition for all of the hydrogen-air tests
is plotted versus radial distance in Fig. 11. The composition is non-
dimensionalized and normalized by dividing by the centerline composi-
tion. The nondimensionalized radius is obtained by dividing by the
radius at which the composition is one-half of its centerline value. A
band representative of the data in Fig. 11 is presented in Fig. 12,
Curves obtained from three different mathematical functions (cosine,
exponential, and power law) are compared with the experimental data
band. Each of the curves presented gives reasonably good agreement
with the experimental data.

Nondimensional velocity is plotted versus radial distance in Fig. 13.
The parameters were nondimensionalized and normalized in a manner
similar to those in Fig. 11, The solid curve, which fits the data well,
is the cosine function. The data in Figs. 11 and 13 are representative
of all hydrogen-air test conditions and all axial locations in the second
regime. The curves indicate that profile similarity is an adequate
assumption for engineering calculations in the velocity ratio range con-
sidered. The data outside R/Rmce and R/Rpy = 2.5 are not considered
because the data in this region have a small hydrogen concentration, a
small velocity difference, and consequently, a large uncertainty in the
calculated values {see Appendix III). The nondimensionalizing radii for

10
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.composition and velocity are presented in Table II so that the actual
radii may be obtained from the curves in Figs. 11 and 13.

Figure 14 presents a comparison between typical experimental com-
position and velocity profiles from the same axial location for two dif-
ferent tests. The nondimensionalized composition and velocity are
plotted versus radial distance. The composition profile is slightly
wider than the velocity profile in each case.

In the first regime, the statement of profile similarity is

u-u, l.(R-—R,-\
ul—uo— b }

The term (Rj) is the radius of the potential core, and b is the mixing
zone width., Since it is very difficult to determine Rj or b accurately,
the expression

R had R.g
R,7 R,
which is related to
R~ Ri

b

is used in Fig. 15 to illustrate velocity profile similarity. The solid
curve is obtained from the cosine expression,

Yy = —;[1 + cos 1?8 (Rp + 0.4)]

and agrees quite well:-with the data.

3.5 MOMENTUM, ENERGY, AND MASS TRANSPORT

In Fig. 16, the nondimensionalized velocity is plotted versus the
nondimensionalized total enthalpy for all of the hydrogen-air tests. The
velocity was nondimensionalized by using the jet velocity, instead of the
centerline velocity, in this case. The dashed curve is the result for
unity Prandtl number, and deviation from it is indicative of nonunity
Prandtl number. These same parameters are plotted in Fig. 17 for the
air-air test, and a distinctly different trend is evident.

There appears to be a definite relationship between the transport of
energy and the transport of momentum. However, it is not obvious how
to-estimate the Prandtl number for this relationship. It is possible that
a relationship between the velocity and total enthalpy, such as the ones
presented in Figs. 16 and 17, may be more useful for engineering
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calculations than the Prandtl number. This is even more probable if
the Prandtl number must be treated as a variable.

Composition is plotted versus nondimensionalized total enthalpy in
Fig. 18. The solid curve indicates the result for unity L.ewis number.
The experimental points deviate only slightly from the curve, which in-
dicates that unity Lewis number is a good assumption for these data.

In all hydrogen-air tests, the turbulent transport of mass and total
enthalpy is more rapid than the transport of momentum. This result is
in agreement with other investigations reported (Refs. 3 and 4).

The data presented in this report are being further reduced to deter-
mine the turbulent transport coefficients. This is being done by numer-
ically solving a set of integral equations involving density, velocity,
pressure, composition, and enthalpy. The ratio of the transport coeffi-
cients will be used to determine the variation in Prandtl number indicated
in Figs. 16 and 17. The results of this work will be presented in a future
report,

3.6 BOUNDARY-LAYER THICKNESS

Total pressure distributions downstream of the nozzle lip were
measured to determine the boundary-layer thickness. The measure-
ments were made with a stainless steel probe of 0. 004-in. OD and
0.001-in, wall. The total pressure traverses were made at axial sta-
tions less than 0.010 in. downstream of the nozzle lip. Data for one
hydrogen-air condition and two air-air conditions are presented in
Fig. 19. The combined width of the inner and outer boundary layers(A)
is approximately 14 percent of the inner nozzle radius. The thickness
(A) is measured between the 99-percent velocity points in the inner and
outer boundary layers and includes the thickness of the nozzle lip.

3.7 STATIC PRESSURE

Typical static pressure distributions are presented in Figs. 20
and 21. The pressure gradients are relatively large in the near field
region; however, in a short distance, the gradients are smoothed to
less than one-percent variation.

12
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SECTION |¥
CONCLUSIONS

The primary differences between this investigation and other in-
vestigations of turbulent mixing are that (1) the initial boundary-layer
effect was reduced by designing the nozzles to minimize the boundary-
layer buildup at the entrance to the test section, and (2) the velocity
ratio range was higher than that previously reported. The following
conclusions may be drawn for subsonic, axisymmetric mixing, from
this experimental investigation.

1.

For hydrogen-air mixing systems, the centerline decay of
composition and velocity decreased with increasing velocity
ratio (jet velocity/outer stream velocity). Also, the center-
line decay of velocity decreased with increasing density ratio

~ for systems with the same initial velocity ratio.

Similarity of composition, velocity, and total enthalpy profiles
is a valid assumption for engineering calculations in the velocity
ratio range from 2. 4 to 6. 3 for hydrogen-air mixing systems.
The commonly used expressions for the profile shapes, such as
the cosine function, the three-halves power law, and the error
curve, are representative of the shapes.

There appears to be a definite and consistent relationship be-
tween the transport of momentum and energy for hydrogen-air
and air-air mixing systems. The Prandtl number is not unity,
and it is not obvious that it is a constant.

Unity Lewis number is a valid assumption in the velocity ratio °
range considered, at least for streams which have moderate
temperature differences (jet gas temperature/outer stream tem-
perature less than 1.0 but greater than 0.5).

The data presented in this report are being further reduced to deter-
mine the turbulent transport coefficients. The results of this work will
be presented in a future report.
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Fig. 15 Composite First Regime Radial Yelocity Profile for All Hydrogen-Air Tests
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